refs. 8), consistent with massive injections of 13 Cdepleted carbon into the ocean-atmosphere system. Proposed sources for this carbon include methane hydrates 5 , terrestrial peat deposits 9 , and thermogenic methane 10 . Understanding the causes of hyperthermals is important, not least because the amount of the carbon release and magnitude of global warming can be used to estimate climate sensitivity. The hyperthermals also reflect possible threshold events ('tipping points'), with slow changes in boundary conditions giving rise to rapid positive feedback and state transitions in the carbon-climate system 11-13 . Cyclostratigraphic evidence from complete marine sections suggest that the PETM, ETM2, and ETM3 events all initiated on maxima in the 100 kyr eccentricity cycle [2] [3] [4] . This has led to the suggestion that orbital pacing controlled the timing of carbon injection 2,4 and hence the occurrence of the hyperthermal events. 
1 School of Geographical Sciences, University of Bristol, University Road, Bristol BS8 1SS, UK, 2 Biomarine Sciences, Institute of Environmental Biology, Utrecht University, Laboratory of Palaeobotany and Palynology, Budapestlaan 4, 3584 CD Utrecht, The Netherlands, 3 Earth and Planetary Sciences, University of California, Santa Cruz, California 95064, USA, 4 School of Earth and Environment, University of Leeds, Leeds LS2 9JT, UK. *e-mail: d.j.lunt@bristol.ac.uk. at the top are the three major hyperthermal events during the early Eocene-PETM (ETM1), ELMO (ETM2), and X (ETM3) events, as recorded in benthic carbon isotopic (δ 13 C) and core XRF scans of iron content (Fe area) 8 . These are plotted on a floating orbitally tuned timescale relative to the onset of the PETM (ref. 8 ). The bottom plot shows the benthic δ 18 O stack of Zachos et al. 1 against absolute age, to illustrate the climatic context in which the major hyperthermal events occur-that is, a period of progressive warming starting at ∼59 Myr and culminating in the EECO, (∼52-50 Myr).
However, no published explanation exists of how a strong imprint of orbital cycles on early Palaeogene terrestrial 14 , shallow 15 , or deep marine sediments 3, 16 can arise, particularly in light of the absence of large ice-sheets in the Eocene system, which play a crucial role in amplifying orbital-scale climatic fluctuations in the Quaternary.
To investigate the role of orbital variations, we have carried out a suite of fully coupled atmosphere-ocean climate general circulation model (GCM) simulations under Eocene boundary conditions, testing permutations of two background levels of atmospheric carbon dioxide concentration and four orbital configurations. The 'low' and 'high' carbon dioxide (CO 2 ) concentrations are 560 (×2 pre-industrial) and 1,120 (×4 pre-industrial) parts per million by volume (ppmv), respectively, and hence span current uncertainty in proxy estimates of atmospheric CO 2 at this time 1 . The four assumed At low (×2) CO 2 , we find that a shift from the S −− to the S SH++ orbital configuration drives a significant reduction in deep water formation in the Southern Ocean (Fig. 2 ). This response is qualitatively similar to the effect found in two recent Eocene model studies that demonstrated an ocean circulation change characterized by anomalous warming patterns of intermediate waters induced by increased greenhouse gas concentrations 17, 18 . Changing ocean circulation at the PETM is also supported by data from deep sea sediments, in particular interbasinal variations in CaCO 3 dissolution 19 and sediment bioturbation 20 . The circulation switch caused by the transition from S −− to S SH++ orbit is associated with a decrease in deep water formation off the Antarctic coast in the Pacific sector of the Southern Ocean ( Supplementary Fig. S1 ) and a local freshening of the surface ocean water masses, which, in turn, is consistent with an increase in the local surface water budget ( Supplementary  Fig. S2 ). Critically, a significant warming at 800-1,200 m in the model ( Supplementary Fig. S3 ) is also induced, with maximum warming (>2.5
• C) in the northern Indonesian seaway and in the southern Indian Ocean. As intermediate depths have been postulated to be critical to methane hydrate stability in the Palaeogene 21 , we hence provide a mechanistically plausible link between sedimentary carbon inventory and orbital changes. We further find that the impact of orbital variations is a function of the background climate. For instance, at high (×4) CO 2 , ocean circulation is in the 'off' state with S SH++ and S NH++ orbits, but is in the 'on' state with the S −− orbit (Fig. 2) . Hence, orbital changes have the potential to trigger reorganizations of ocean circulation, but with a threshold dependent on the state of background (CO 2 -driven) warming.
We find further support for this link between orbitally driven warming and hydrate destabilization by calculating the change in depth of the hydrate stability zone (HSZ), given a transient climate change from S −− to S SH++ and back to S −− on precessional timescales ( Fig. 3 ; details of the calculation are given in Supplementary Information). The change in temperature induces a decrease in the depth of the stability zone in many coastal regions of the globe. In particular, large changes are seen north of Australia, on the eastern coasts of Eurasia, Africa and North America, and in the Tethys and para-Tethys seas. The many uncertainties involved (such as sedimentation rates, available organic carbon at the seafloor, and sedimentary diagenesis) make a calculation of the total inventory of hydrate release highly problematic, but our calculation does indicate that the sources could potentially be widespread.
The implied coupling between orbital forcing, ocean circulation, intermediate warming, hydrate inventory and global climate can be represented using a simple threshold model, similar to those developed to simulate Quaternary glaciations 22 . Our threshold model (see Supplementary Information) assumes a steady background CO 2 forcing, imprinted with orbital variations (Fig. 4a) . The intermediate ocean (Fig. 4b) responds linearly to the background forcing, but warms rapidly once a threshold in the total forcing is exceeded, associated with an ocean switch in circulation as predicted in our GCM simulations. The submarine hydrate store responds linearly to the intermediate ocean temperature, but once depleted recharges on timescales of ∼500,000 years (Fig. 4c) . The global mean temperature (Fig. 4d) is simply assumed proportional to the background climate forcing plus released methane hydrate, which is decayed on a timescale of ∼20,000 years.
The largest event predicted in our threshold model (EVENT1, analogous with the PETM, Fig. 4d ) is consistent with the first occurrence of a switch in circulation and a substantial depletion of the methane hydrate reservoir. As CO 2 is still relatively low, circulation switches back to the 'on' state easily as the orbital forcing wanes, and the event is followed by hydrate recharge (Fig. 4c) . With progressive background warming, the next orbital triggering is easier (EVENT2, an ETM2-like event, Fig. 4d ). However, at this time there is also a decreased potential submarine hydrate store, meaning that the EVENT2 hyperthermal is smaller in magnitude. Critically, as ocean switches occur increasingly readily in a warmer world, the third (ETM3-like) and subsequent events occur after shorter intervals. Finally, at very high background CO 2 , hydrates become unimportant as the potential hydrate storage approaches zero. Hence, our theory provides not only a physical mechanism for carbon injection during the hyperthermals but also for decreasing magnitude and increasing frequency during the Early Eocene. Furthermore, the occurrence of several double events in the geological record separated by 100 kyr (refs 8,23,24) is also predicted by this threshold model (Fig. 4d) ; such events would be unlikely to occur if a purely stochastic forcing were applied. The smaller magnitude of the second event is due to the depletion of the hydrate store in the first event, followed by insufficient time to recharge. The orbital forcing we have applied in the threshold model is simply the eccentricity component of the Laskar solution from 58 to 50 Myr. In reality it is likely that the triggering also depends on the precessional and obliquity components; therefore, our threshold model is not designed to be predictive of the exact timing, pacing or magnitude of Palaeogene hyperthermals (see Supplementary Fig. S4 ). However, the qualitative results of the model, including decreasing strength and increasing frequency, and the existence of 'paired' events, are robust, and independent of the period of orbital forcing applied (see Supplementary Fig.  S5 ). Moreover, by tuning certain parameters within the conceptual model, such as the threshold at which the circulation switch occurs, and by using alternative age models for the data (for example shifting the age of the PETM within the dating uncertainties), it is possible to obtain good agreement between the conceptual model and the data, including the timing of both pre-and post-PETM hyperthermals (see Supplementary Figs S6-S7) . However, such agreement should be treated with extreme caution, given the many degrees of freedom in both the conceptual model and age model. The real world behaviour is much more complex than predicted by the threshold model, not least because, although our GCM simulations point towards the existence of a transition from strong to weak overturning, given the complexity of the forcing associated with orbital variations it is likely that response of the ocean circulation, and hence temperatures and hydrate state, is also extremely complex. Furthermore, it is important to note that following hydrate release and associated warming, other carbon cycle-climate feedbacks (not included in the threshold model) could become important, possibly resulting in multiple sources of 13 C-depleted carbon associated with the hyperthermals. Furthermore, the precise timing of events could be primed by non-orbital forcing, such as enhanced volcanic carbon emissions, potentially enhancing the sensitivity of the system to orbital forcing; this is particularly true for the largest event, the PETM, which seems to occur during a minimum in the 400-yr eccentricity cycle 3, 25 . However, the conceptual model is actually rather generic, and similar or identical equations could equally be used to represent other hypotheses for orbital pacing of hyperthermals, for example the release of oceanic dissolved organic carbon 26 . Our coupled climate modelling demonstrates how orbital forcing superimposed on a long-term climate trend can provide a physically based mechanism for submarine methane hydrate destabilization, related to switches in ocean circulation and resulting warming at ocean intermediate depths. We can also conceptually explain both the decreasing magnitude and increasing frequency of hyperthermals through long-term Early Eocene warming, and the existence of paired events. Although we cannot robustly constrain the precise timing of the triggering threshold for the hyperthermals in terms of a specific set of climate or orbital conditions, our work implies that progressive changes in background climatic state significantly influences the timing and magnitude of past climate shifts that are paced by orbital forcing, and has close parallels with efforts towards understanding the late Neogene glacial-interglacical cycles 22, 27 . 17 . The eight model simulations constitute all permutations of two different atmospheric CO 2 concentrations (low and high, ×2 and ×4 preindustrial, 560 and 1,120 ppm respectively) and four different orbital configurations modern, minimum eccentricity (S −− : eccentricity = 0.0, obliquity = 0.384 rad), high northern hemisphere seasonality (S NH++ : eccentricity = 0.054, obliquity = 0.428 rad, perihelion during boreal summer), and high southern hemisphere seasonality (S SH++ : eccentricity = 0.054, obliquity = 0.428 rad, perihelion during austral summer). The eight simulations are all 1,000 years in length (see Supplementary Fig. S8 ). The simulations at low and high CO 2 are continuations of the 2 × CO 2 and 4 × CO 2 simulations respectively presented in ref. 17 , which are themselves more than 3,400 years in length. All simulations are carried out under Eocene boundary conditions (land-sea configuration, orography, and bathymetry, see Supplementary Fig. S9 ), and include a 0.4% decrease in solar constant relative to modern. The modelled sea surface temperature from the modern-orbit simulations are compared against background Eocene and PETM proxy temperature estimates 29 in Supplementary  Fig. S10 . With the exception of TEX86-derived estimates of extreme warmth in the Arctic ocean 30 , the proxy sea surface temperature estimates from before and during the PETM event are broadly consistent with those of the 2 × CO 2 and 4 × CO 2 simulations respectively.
A full description of the threshold model, a comparison with Fe-count and δ 13 C data, a series of sensitivity studies to model parameters, and a justification for the hydrate recharge time, is given in the Supplementary Information. A copy of the threshold model code itself is included in the Supplementary Information.
A description of the HSZ calculation is given in the Supplementary Information. 
